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PREFACE 


In  the  design  of  aerospace  structures,  damping  plays  a fundamental  role.  Lack  of 
knowledge  of  the  damping  ratio  can  result  in  either  serious  damage  to  the  structure  or  over- 
dimensioned structure.  The  problem  of  determination  of  damping  ratios  is  not  yet  resolved. 

This  Report  indicates  some  fundamental  aspects  of  the  problem: 

- the  fields  where  damping  is  crucial, 

- the  types  of  structure  involved, 

- materials, 

- mathematical  simulation, 

- test  methods. 

A bibliographic  survey  of  numerical  values  completes  the  Report. 
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CURRENT  PROBLEMS  IN  THE  AREA  OF  DYNAMIC  DAMPING 


by 
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''^Some  of  the  major  topics  in  the  area  of  dynamic  damping  are  described.  A list  of  typical  problems  where  damping  is 
of  primary  importance  is  listed.  Typical  structural  components  are  considered,  and  a brief  account  on  the  effect  of  materials 
is  given.  Mathematical  models  and  intermodal  coupling  is  also  examined,  and  the  extreme  difficulty  to  have  reasonably  accurate 
informations  from  them  is  emphasized.  Possible  philosophies  of  ground  tests  and  flight  tests  are  finally  discussed.  ^ 

1. -  INTRODUCTION 

Dear  colleagues,  as  you  all  will  remember,  an  ad-hoc  group  was  appointed  at  our  Lisbon  meeting,  last  April,  with  the  aim 
of  investigating  possible  actions  in  the  field  of  “Dynamic  Structural  Damping”  as  applied  to  Aerospace  Structures.  The  import- 
ance of  the  subject  was  recognized  by  the  SMP-TPC,  and  several  panel  members  declared  their  interest  for  the  subject.  During 
the  past  six  months  (which  were  actually  five  months,  or  four  months,  if  one  considers  August  as  a dead  month)  several 
contacts  weteheld  between  the  participants  in  the  new  activity.  As  a result,  two  papers  will  now  be  read. 

The  aim  of  my  presentation  is  to  try  to  define  some  possible  lines  of  interest  in  our  future  work,  and  to  sketch  a map 
of  the  main  goals  we  should  follow  before  our  work  expires. 

It  is  known  that  knowledge  of  dynamic  structural  damping  is  of  high  interest  in  all  kinds  of  aerospace  structures:  aircrafts; 
missiles,  rockets,  spacecrafts.  However,  there  are  significant  differences  especially  from  a practical  viewpoint,  between  the  dif- 
ferent problems,  so  that  a simplified  general  approach  could  not  be  satisfactory. 

The  purpose  of  the  following  discussion  is  to  investigate  about  the  following  items: 

(1)  Aerospace  problems  where  damping  is  a crucial  point 

(2)  Types  of  structures  involved 

(3)  Materials 

(4)  Mathematical  models 

(5)  Intermodal  coupling 

(6)  Methods  of  testing 

(7)  Flight  tests 

The  list  is  far  from  being  complete;  it  is  intended  merely  as  a basis  for  the  discussion.  Any  possible  implementation  or 
suggestion  from  psnel  members  or  experts,  now  or  later,  will  be  welcomed. 

2. -  AEROSPACE  PROBLEMS  WHERE  DAMPING  IS  A CRUCIAL  POINT 

a)  Dynamic  response  near  resonance.  The  well  known  linear  damped  oscillation: 

(1)  mx"+2kx'  *Kx-  ftt) 
can  be  written: 

(2)  x"  + 2tux'+  u*x  - F(t)lm 


A$  Ff I ) it  periodical  Fit}  - F^e!^*  the  steady  response  amplitude  is: 


It  is  seen  that,  u o#  I,  i.e.,  far  from  resonance,  consideration  of  f involves  small  changes  (in  amplitude  and 


phaaa)  however,  in  the  vicinity  of  resonance  peaks,  u accurate  as  the  evaluation  of  other  quantities  may  be,  a good  know- 
ledge of  t ia  a dominant  factors  in  the  estimation  of  peak  response.  In  any  kind  of  structure,  this  is  a key-point.  I will 
simply  quote  soma  specific  points:  response  of  aircraft  elements  when  subjected  to  steady  periodical  loads:  ceparation  of  a 
satellita  from  the  thtustii«  missile,  for  which  specifications  are  given  of  g-response  vs.  frequency:  acoustic  vibrationsof  missile 
components  in  the  transonic  range. 
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b(  POGO  - This  is  a typical  instability  problem  arising  in  rockets  from  coupliing  between  structure,  fuel  feedlines,  engine. 
Several  descriptions  of  the  phenomenon  are  available  in  technical  literature  fll  [21  (31  In  any  case,  theoretical  analysis 
leads  to  the  determination  of  a critical  damping,  which  is  varying  with  time  corresponding  to  the  variation  of  axial  structural 
frequency  and  to  the  variation  of  couplii\g  with  time  other  parts  of  the  system.  Critical  dampling  can  be  obtained  with  a 
reasonable  degree  of  accuracy,  and  the  requirement  is  that  structural  damping  must  be  greater  than  f^. . Along  the  flight 
time  there  are  interviU$(A3,  in  Fig.l)  where  such  a condition  is  not  satisfied;  but,  due  to  the  poor  knowledge  of  f j , intervals 
of  instability  are  very  difTicult  to  be  appreciated,  and  could  be  strongly  increased  or  reduced  with  respect  to  the  nominal 
values.  Practically  no  rocket  is  free  from  this  phenomenon;  and  the  design  philosophy  reduces  to  two  possible  solutioiis:  (i)  to 
require  that  critical  damping  be  extremely  low  (or  even  negative),  as,  f.  i.,  in  Space  Shuttle,  where  a conservative  value  of 
” 0,002  (with  respect  to  the  empirical  value  0,01)  is  prescribed;  this  can  be  obtained  also  with  special  PSD  (POCX) 
suppression  devices)  which  constitute,  in  every  case,  a penalty  for  the  system;  (ii)  accept  a small  phase  of  instability  that 
can  rapidly  be  overcome,  (generally  centered  around  the  middle  phase  of  the  flight).  In  both  cases  a precise  deflnition  of 
tj  is  vital. 

c)  Supercritical  Aeroelastk  Vibrations.  It  is  well  known,  since  long  that  in  aeroelastic  phenomena,  e.  g.,  vibrations  of 
panels  at  dynamic  pressure  q greater  than  a critical  value  a limit  cycle  is  established,  where  the  amplitude  A is  depending  on 
the  balance  of  a cycle  average  of  aerodynamic  forces  (input)  and  of  dynamic  damping. 

The  amplitude  of  the  limit  cycle  is  directly  related  to  the  value  of  f (and  is,  as  known,  independent  of  initial  condit- 
ions); it  is  of  primary  importance  for  design  purposes  (maximum  allowable  stress,  fatigue,  etc.).  Note  also  that  the  value  of 
the  critical  dynamic  pressure  is  not  strongly  dependent  on  the  damping  itself. 

d)  Loss  of  stability  in  spinning  spacecrafts.  It  is  known  that  a spinning  top  with  no  damping  has  two  axes  of  stability 
(corresponding  to  the  maximum  and  to  the  minimum  moment  of  inertia).  However,  if  internal  friction,  including  structural 
damping,  is  considered,  it  is  easy  to  see  that  the  only  stable  axis  is  that  of  minimum  /.  A more  important  phenomenon  arises 
in  the  so-called  dual  spinner  SfC  (such  as,  f.  i.,  INTELSAT  IV),  a formula  widely  used  in  communications  satellites.  Here  stability 
is  ensured  by  the  circumstance  that  the  energy  losses  in  the  moving  part  be  greater  than  the  corresponding  losses  in  the 
steady  part.  Such  loaaes  are.  at  least  partially,  those  arising  from  dynamic  damping,  whose  knowledge  proves,  once  more,  to 

be  a key  factor  for  stability  prediction. 


3.-  TYPES  OF  STRUCTURES  INVOLVED 

As  we  have  seen,  practically,  ail  components  of  aerospace  structures  are  involved  in  problems  of  dynamic  damping.  For 
each  of  them  a modal  description  leads,  for  a single  mode,  to  an  equation  of  the  type  (1).  It  would  be  of  highest  interest 
to  obtain  informations  on  typical  values  of  f to  be  used  in  each  of  the  analyses  described  under  Art.  2.  It  is  generally 
agreed,  in  fact,  that  the  values  of  { are  depending  not  so  much  from  the  “structure”  itself,  as  from  the  "type”  of  structures. 
It  is  known,  f.  i.,  that  fcr  variation  modes  of  large  boosters,  a typical  value  is  f”0,0l;  although  even  small  variations  around 
such  reference  value  may  have  significant  influence  on  specific  phenomena  (e.g..POGO)  a starting  point  is  extremely  useful. 
We  may  quote  some  typical  parts  for  which  existing  date  should  be  collected; 

(i)  aircraft  components 
lii)  aircraft  controls 

(iii)  liquid  rockets  tanks 

(iv)  rockets  feedlines 
(V)  spacecraft  structures 

(vi)  spacecraft  control  systems. 

Again,  the  above  list  is  far  from  being  complete,  and  any  suggestion  will  be  highly  appreciated. 


4.-  MATERULS 

The  effect  of  materials  on  structural  damping  is  extremely  obvious  and  important.  Here,  by  the  term  material  we  denote  not  the 
chemical  composition  only,  but  also  the  structural  “type”  (e.g.,  composites,  sandwichs) 

Here  again  we  quote  some  possible  items; 

(I)  metals 

(ii)  nonmctallk,  or  partially  metallic  materials 

(iii)  sandwich  structures 

(iv)  composites 

(v)  honeycombs 

For  (iii),  (iv),  (v),  dependence  of  DSD  from  the  process  of  fabrication  should  be  considered.  Also,  the  effect  of  anisotropy, 
nofihomogencity  of  materials,  variation  with  temperature  might  prove  to  be  good  points.  A more  ambitious  goal  could  be 
•athering  Mfficient  informatiofis  for  the  “design”  of  a specifically  required  amount  of  damping.  This  is  not  science  fiction, 
ahme  it  has  already  been  done,  although  In  a very  rudimentary  way,  by  using  honeycomb  panels  to  achieve  a high  degree 
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of  damping  to  counteract  POCO  effects.  In  such  cases,  of  course,  due  consideration  should  be  given  to  the  material  specific 
weight. 

S.~  MATHEMATICAL  MODELS 

Structural  damping  results  from  superposition  (and  possibly  from  interaction)  between  internal  viscosity  of  the  material 
and  relative  motions  of  connected  parts  of  the  structure.  In  the  first  area  we  should  also  include  effect  of  creep,  plasticity, 
etc. 

(i)  The  final  goal  is  to  obtain  sufficiently  reliable  informations  on  the  physical  phenomenon  in  such  a way  as  to  be  able  to 
describe  it  with  a mathematical  formula.  Several  attempts  have  been  done  in  the  past  for  this  purpose,  but  all  the  mathe- 
matical models  for  the  materials  have  proved  to  be  very  inaccurate.  This  is  due,  of  course,  to  the  tremendous  difficulty  of 
the  task,  as  it  is  for  all  problems  of  solid  state  physics.  However,  the  task  should  consist  of  two  phases:  I ) to  construct  a 
reasonable  model  for  the  internal  behaviour  of  the  material,  depending  on  a certain  number  of  unknown  parameters;  (u)try 
to  adjust  the  values  of  such  parameters  to  fit  with  the  experimental  results.  In  particular,  a clear  formulation  of  item  (ti)  may 
provide  a better  knowledge  of  nonlinear  damping  which  is  sometimes  associated  with  important  phenomena  ignored  in  the 
linear  theory  (e.  g.,  loss  of  stability  in  the  vicinity  of  very  small  linear  damping). 

(ii)  Similar  considerations  apply  to  damping  due  to  the  interface  between  different  parts  of  a complex  structure  (e.g.,  bolts 
rivets,  connections,  misalignments,  relative  motions,  etc.).  The  task  is  even  more  difficult  in  this  case,  on  account  of  the 
random  character  rivets  of  the  phenomenon,  so  that  a mathematical  model  can  always  be  very  questionable.  The  problem  is 
however  of  primary  importance,  on  account  of  two  basic  facts:  (i)  interface  damping  is  in  general  the  prevailing  fraction  of 
total  damping;  (ii)  nonlinear  effects  (e.g.,  dependence  from  vibration  amplitudes  and  frequency  should  not  be  ignored). 


6.-  INTERMODAL  COUPUNC 


Eq.  (I)  is  oversimplified.  As  a matter  of  fact,  the  real  equation  of  the  structure  reads: 


where,  t.l.D  are  structural,  inertial  and  damping  operators  applied  to  the  displacement  vector  W.  By  using  the  well-known 
modal  approach, 

W = X,w,(t)AJP) 


Eq.  (4)  yields  for  each  mode: 


Eq.(l)  would  imply  that  the  operator  /)(w]  is  not  only  linearly  related  to  the  w,  but  is  also  diagonal.  Even  if  the  linear 
assumption  is  retained,  a more  correct  and  refined  version  of  Eq.  (I)  in  the  free  case  would  be: 


Intermodal  coupling  arising  from  nondiagonal  terms  of  (6)  is  very  difficult  to  determine,  and  the  situation  is  aggravated  by 
anisotropy,  nonhomogeneity,  temperature  variations,  etc.  The  difficulty  of  the  task  arises  mainly  from  the  very  great  number  of 
nondiagonal  that  should  be  considered.  Evaluation  of  their  effect  on  the  dynamical  behavior  can  sometimes  be  roughly  es- 
timated globally:  for  example,  in  POGO  analysis,  modal  coupling  may  increase  critical  damping  up  to  a value  20%  greater  than 
the  nominal  one. 


7.-  METHODS  OF  TESTING 


All  the  above  circumstances  clearly  indicate  that  experimental  validation  of  the  results  it  of  vital  importance.  No  safe 
prediction  of  the  phenomena  listed  under  Art.  2 can  be  achieved  without  relying  on  such  experimental  validity:  although,  as 
said,  mathematical  models  and  first  approximation  or  empirical  values  can  be  of  great  help  at  the  beginning  of  a design. 

The  general  principle  of  tests  is  bated  on  two  methods.  The  first  method  it  to  observe  and  measure  vibration  deecay 
(Fig.  3);  this  principle  is  valid  for  high  damping,  and  for  small  structures.  For  large  structures,  it  it  more  desirable  to 
measure  several  points  along  the  resonance  peaks,  fitting  the  results  with  the  model  described  by  Eq.  3. 

In  sny  case,  s first  question  arises,  related  to  the  dilemma  reduced  scale  vs.  full  scale.  There  it  no  doubt  the  latter  is 
better,  but  it  is  sometimes  impossible  (e.  g.,  the  case  of  large  boosters,  for  which  the  size  of  the  experimental  facilities  juld 
be  not  feasible).  Results  obtained  with  the  reduced  scale  technique  should  be  used  very  carefully.  An  intermediate  technique 
that  is  sometimes  used  is  to  have  a full  scale  model  of  the  portion  of  the  structure  where  the  mode  under  concern  it  con- 
sidered to  be  mote  important,  simulating  the  remaining  portion  with  dummy  equivalent  masses. 

Finally,  the  role  of  flight  tests  diould  be  considered.  Such  tests,  in  general,  cannot  provide  direct  informatioiu  on  the 
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spcciric  values  of  ( ; they  simply  provide  global  informations,  to  be  used  for  the  specific  problem  under  concern;  but  they 
can  be  “stored"  for  further  similar  situations.  For  example  referting  again  to  the  POGO  problem.  Fig.  I,  flight  tests  make  it 
possible  to  have  an  idea  of  the  structural  damping  by  observing  the  phases  of  instability  and  by  associating  the  results  to 
the  values  of  critical  damping  which,  as  said,  can  be  determined  with  a good  degree  of  confidence  through  adequate  mathe- 
matical results.  It  is  obvious  that  the  main  goals  of  such  a test  could  not  be  the  evaluation  of  ( ; however,  the  informations 
gathered  can  be  used  for  design  of  future  similar  rockets. 

8.-  CONCLUSIONS 

Some  of  the  major  current  problems  in  the  area  of  dynamic  damping  have  been  listed.  They  essentially  refer  to  the  type 
of  problem,  structure,  material,  involved.  Comparison  of  theoretical  results  with  experimental  results  has  proved  to  be  essential, 
even  with  the  limitations  associated  with  any  experimental  technique. 

It  is,  the  writer’s  opinion  that  AGARD  can  make  a good  work  in  this  area,  mainly  in  the  collection  and  critical  evaluation, 
and  comparison  of  existing  and  future  results.  Even  a partial,  or  very  partial,  accomplishment  of  the  goals  listed  above  can  give 
a significant  help  to  the  aerospace  structural  designers  of  NATO  countries. 


SYMBOLS 

K damping  coefficient 

/ ^r-r 

m oscillator  mass 

q dynamic  pressure 

q^  critical  value  of  q 

I time 

X oscillator  coordinate 

A/P)  r.th  mode. 

H body  of  the  structure 

n damping  operator 

F forcing  input 

amplitude  of  F 
F^  response  amplitude 

J inertia  operator 

A spring  constant 

A,  equivalent  stiffness  of  r.th  mode 

£ structural  operator 

tf,  equivalent  mass  of  r.  th  mode 
•s’  elastic  displacement  vector 

h'f  amplitude  of  r.  the  mode 

t reduced  damping 
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SUMMARY 

In  the  present  paper  a few  aspects  concerning  dynamic  damping  prediction  for  aerospace  structures  are  reported.  The  pro- 
blem is  of  fundamental  importance,  since  the  success  of  a design  depends  on  the  knowledge  of  damping;  as  a matter  of  fact 
the  prevision  of  a damping  ratio  which  is  too  high  will  ovarburden  the  structure;  otherwise  serious  damage  may  occur  or  the 
design  may  even  be  deeply  compromised. 

Particular  attention  is  given  to  damping  capacities  of  materials  since  they  are  the  fust  source  of  dynamic  structural  damp- 
ing for  structures  subject  to  time  dependent  or  shock  loading. 

This  work  should  represent  an  introduction  to  the  solution  of  problems  connected  with  damping  prediction  and  an  ana- 
lysis of  some  methods  commonly  used  is  carried  out. 

At  last  a survey  of  experimental  data  concerning  European  satellites  is  briefly  discussed. 


INTRODUCTION 

In  aircraft,  rocket  and  spacecraft  design  the  knowledge  of  structural  damping  is  one  of  the  preminent  items,  as  flying 
structures  are  subject  to  time-dependent  excitation  and  vibrations  are  often  responsible  for  very  serious  damages  both  to  the 
structure  itself  and  to  people  and  instruments.  Acoustic  excitation,  Pogo  effect  and  vibrations  due  to  the  propulsive  systems 
art  just  an  example  of  time-dependent  forces  acting  on  aerospace  structures. 

Damping  leads  to  energy  dissipation  when  materials  are  deformed:  if  a force  were  applied  to  a completely  elastic  material, 
this  would  start  oscillating  about  its  neutral  position  when  that  force  is  removed,  owing  to  the  energy  stored  in  the  material; 
on  the  contrary,  if  the  force  were  applied  to  a completely  plastic  material,  all  the  work  would  be  dissipated  and  when  the 
force  is  removed  no  more  displacements  would  take  place.  The  first  one  is  known  as  undamped  system,  while  the  second  one 
is  a completely  damped  system.  Obviously  any  material  is  neither  perfectly  plastic  nor  elastic:  only  a certain  amount  of  energy 
can  be  stored  or  dissipated  and  the  ratio  between  the  plasticity  and  elasticity  of  a material  describes  its  behavior  and  is  usu- 
ally referred  to  as  damping  factor  of  the  material  itseir . 

Obviously  in  complex  systems,  such  as  aerospace  structures,  damping  is  not  due  only  to  the  plastic  characteristics  of  ma- 
terials: friction  damping  at  joints  and  damping  introduced  by  the  environment  are  also  to  be  accounted  for.  Therefore  a 
damping  ratio  which  includes  all  the  forms  of  damping  is  generally  introduced,  but  unfortunately  its  prediction  is  really  a 
hard  job  and  represents  one  of  the  main  difficulties  in  structural  design,  because  of  the  several  damping  mechanisms  involved 
and  of  the  poor  results  achieved  in  the  attempt  of  synthesizing  elementary  models  into  complex  structural  systems. 

This  paper  has  been  written  with  the  aim  of  giving  a little  contribution  to  introduce  the  problem  of  dynamic  structural 
damping  and  to  summarize  some  important  results  obtained  during  the  last  decade. 

I lie  main  expectation  is  that  the  present  work,  carried  out  in  a rather  short  period,  can  be  extended  and  improved,  in 
the  next  future,  by  adding  more  and  more  data,  since  an  accurate  collection  and  discussion  of  experimental  results  appears, 
at  present,  as  a possible  way  for  predicting  damping  ratios  in  structures  similar  to  previous  ones,  for  achieving  designers’  higher 
confidence  and  for  lightening  structures  by  reducing  uncertainties;  another  object  to  be  evaluated  is  obviously  the  possibility 
of  reducing  the  number  and  cost  of  experimental  tests  in  future  structures.  On  the  other  hand  it  is  easy  to  forecast  more  and 
more  studies  and  research  activities  concerning  this  subject,  as  it  can  be  seen  by  observing  Fig.  I , where  the  number  of  pubh- 
catkmon  damping  is  reported  up  to  the  60's  according  to  Ref.  2 (the  dot  line  representing  the  cumulative  number  per  year). 

Damping  nomenclature 

Although  it  is  well  known,  it  might  be  worthwhile  underlining  the  enormous  importance  of  the  damping  factor  at  resonance, 
since  the  amplitude  of  vibrations  (and  the  value  of  the  acceleration  applied  to  the  system)  at  this  particular  frequency  depends 
only  upon  that  factor. 

As  a matter  of  fact,  if  an  elementary  single  degree  of  freedom  system  is  considered,  its  motion  is  governed  by  the  second 
order  equation: 

mq  * cq  kq Fsinut 
Of- 

q 4 2fcjj|4  4 *^^4  ^ A sbi  ul 

where:  wj,  - ^klm  (resonant  frequency) 

A - F/m 

( - c/c^,  - c/(2v/ml) 
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liner  it  (hr  minimum  value  of  r which  leads  to  a non-oadllalory  reaponse.  The  solution  of  the  equation  it: 

A 

1 " — - — ■ ■ — 

- u’)’  + 4f’  ii»’  u* 

and.  at  resonance: 

“ A/(2(un  u) 

Hence  an  eiror  in  .he  prediction  of  { (which  shall  be  called  “damping  ratio")  wouid  obviously  cause  the  response  to  be  higher  cr 
smaller  than  expected:  in  the  Pint  case  seriout  damages  may  occur;  otherwise  uteleas  weight  would  have  been  added  to  the 
structure. 

The  variable  representing  the  evolution  of  a given  qusntir>  (such  as  pressure  in  combustion  chambers  of  Uquid  propellent 
rockets,  modal  characteristic  of  structures,  flow  in  ducts,  and  so  on)  can  be  expressed  as  follows: 


♦ (0  - e^' 

where  * is  either  the  pressure,  or  the  modal  coordiiMtc,  or  the  flow;  moreover: 

f - 0 : stability  limit 

f > 0 : instability 

t < 0 : sUbihty 


If  f,  is  the  structural  generalized  damping  ratio  for  a given  mode  and  t,  tb’  critical  damping  ratio,  the  following  relation  can 
be  written: 


r - fe  - f. 

Thus  must  be  as  high  }s  possible,  but  it  is  approximately  I % in  aerospace  structuin;  also  may  be  of  the  same  order  (e.g.: 
Diamant  launcher)  so  that  a little  uncertainty  may  lead  to  instability.  Sometimes  it  is  possible  to  diminish  , but  this  re- 
duction is  likely  to  increase  in  close  modes.  In  such  cases  only  an  increase  of  can  be  realized,  as  it  will  be  discussed 
later  on. 

The  damping  ratio  is  then  an  index  of  the  system  ability  of  dissipating  part  of  the  vibration  energy  and  its  exact  know- 
ledge would  be  fundamental  for  structural  design. 

In  Fig.  2a  the  great  innuence  of  the  hysteretic  damping  upon  the  response  of  a structure  is  shown,  while  in  Fig.  2b  the 
maximum  deflection  of  a beam  is  reported  as  a function  of  f . 


Experimental  measurement  of  damping 

The  knowledge  of  damping  properties  is  absolutely  necessary  for  a reliable  prediction  of  the  loads  applied  to  a structure 
subject  to  time-dependent  forces  and  vibrations. 

It  is  well  known  that  damping  depends  on  Joints,  materials,  equipment  and  every  other  structural  component:  thus  theo- 
retical estimation  of  overall  damping  is  extremely  difficult  and  so  far  experimental  data  have  represented  the  only  source  of 
reliable  informations;  as  to  the  existing  data  on  single  components,  they  are  not  sufficient  to  determine  overall  damping  start- 
ing from  the  knowledge  of  individual  contributions  since  repeated  tests  at  different  stages  of  aerospace  structure  development 
are  really  lacking. 

Detailed  descriptions  of  the  methods  used  to  predict  damping  can  be  found  in  the  literature  so  that  only  a quick  list  of 
the  most  common  techniques  is  presented  here’: 

Frequency  response  method: 

- half  power  point  method 

- phase  change  method 
Measure  under  transient  conditions: 

- starting  transient  and  decay  transient 
Energy  dissipation  method  . 

When  a sinusoidal  test  is  carried  out  a correct  value  of  damping  can  be  determined  by  means  of  dynamic  calculations; 
in  actual  fact  the  exact  value  of  the  damping  ratio  is  the  one  which  leads  to  the  ume  response  at  that  measured  experi- 
mentally. 


DAMPING  OF  MATERIALS 

Damping  capacity  of  materials  is  highly  important  in  reducing  the  danger  of  failure  due  to  fatigue  when  structures  are 
•ibject  to  cyclic  or  shock  loading  and  in  reducing  the  vibrations  ttanamitted  to  adjacent  components.  There  is  a big  variety 
in  damping  capacities  of  materials  and  no  relation  has  been  found  with  mechanical  properties,  although  damping  should  be  tome 
complex  function  of  Young’s  modulus,  elastic  limit,  number  and  distribution  of  voids,  and  to  on;  at  a rule  it  can  be  said 
that  high  damping  capacity  is  associated  with  high  degree  of  plasticity,  but  there  are  tome  exceptions:  for  insUnce  gray  cast 
iron  (a  very  brittle  material)  hat  outstanding  damping  properties  thanks  to  the  graphite  flakea  of  its  structure. 
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When  nuleriak  are  subject  to  external  loads  the  nature  of  the  applied  forces  may  affect  damping  properties;  obviously 
the  previous  stress  history  and  the  environment  have  great  influence  upon  these  properties.  Sinusoidal  excitation  has  been 
studied  to  a large  extent,  while  informations  concerning  random  forces  are  rather  lacking,  so  that  experimental  work  on  damp- 
ing properties  of  materials  under  random  vibrations  is  highly  recommended:  moreover  in  the  last  period  the  effect  of  these 
vibrations  has  become  particularly  significant  in  connection  with  fatigue  and  acoustical  excitation. 

It  is  well  known  that  cyclic  load  deformation  does  not  lead  to  a single  valued  function  o-ofe),  but  creates  a hysteietic 
loop.  The  area  within  this  loop  is  proportional  to  the  energy  absorbed  and  this  energy  dissipation  can  be  deHned  as  "damp- 
ing” or  "mechanical  damping”  or  “dynamic  damping”,  which  concerns  also  energy  dissipation  at  interfaces  or  joints,  but  ex- 
cludes energy  loss  due  to  electro-hydro-mechanical  interactiont’ . 

Damping  in  uniform  materials  is  due  to  movements  at  microscopic  level,  interactions  among  molecular  forces,  flow  phe- 
nomena and  general  viscoelastic  effects. 

Composites,  as  it  is  well  known,  represent  a particular  kind  of  materials  with  the  possibility  of  being  "tailored”  so  as  to 
improve  those  properties  which  are  highly  required:  hence  a continuous  development  and  diffusion  of  composites  both  for 
aircraft*  and  for  spacecraft*.  Therefore  composite  materials  able  to  provide  high  damping  can  be  studied  or  improved,  at  well 
as  viscoelastic  adhesives  producing  high  damping  at  high  amplitudes. 

Damping  is  produced  also  by  joints,  which  are  characterized  either  by  dry  interfaces  or  lubricated  interfaces  or  adhesively 
bonded  interfaces.  Both  for  dry  and  lubricated  interfaces  two  kinds  of  motion  are  possible:  motion  normal  to  the  interfaces 
and  relative  motion  of  surfaces  in  the  plane  of  the  interfaces.  Obviously  higher  damping  capacity  is  determined  by  relative 
motion  (or  relative  interface  shear)  obtained  with  dry  interfaces.  In  this  case,  however,  serious  problems  arise  owing  to  fretting 
and  corrosion,  so  that  lubricated  interfaces  have  been  studied  deeply;  similarly,  the  behavior  of  plastics  and  any  other  non- 
fretting material  located  at  interfaces  has  been  investigated  in  the  attempt  of  avoiding  wear  as  much  as  possible. 

Unfortunately  fretting  has  not  been  avoided  completely  or  the  amount  of  dissipated  energy  is  rather  low.  Interesting  re- 
*ilte  have  been  accomplished  by  using  adhesive  interfaces  with  a sufficient  thickness  to  allow  relative  motion  between  the 
jointed  surfaces;  in  this  case  the  energy  due  to  the  relative  motion  of  the  surfaces  is  absorbed  within  the  adhesive. 

In  composites  each  ply  can  be  seen  as  an  adhesive  layer  and  its  behavior  must  be  analyzed  to  determine  the  composite 
damping  characteristics,  which  turn  out  to  be  a function  of  the  contributionB  of  each  single  layer. 

A perfectly  elastic  material  would  be  characterized  by  no  rate-dependent  effect;  rate-dependence  means  that  the  stress- 
strain  relation  depends  on  the  rate  of  loading  {dP/dl , dojdl)  or  the  rate  of  straining  idlldl,  dtidt). 

After  applying  a sinusoidal  load  to  a material,  a residual  strain  will  be  present,  in  general,  when  the  load  is  reduced  to 
zero;  the  residual  strain,  however,  does  not  necessarily  remain  constant  with  time:  it  may  either  go  down  to  zero  or  to  some 
intermediate  value.  Something  similar  may  happen  when  a residual  constant  load  is  left:  the  strain  may  either  go  down  to  the 
only  value  that  would  be  related  to  the  applied  stress  if  the  material  were  perfectly  elastic  or  go  down  to  an  intermediate 
value. 

Obviously  the  strain  may  well  happen  to  depend  only  on  stress,  although  the  function  a • o(€)  it  not  single  valued  and 
a loop  appears  if  this  function  is  plotted:  however  the  loop  width  it  zero  at  zero  stress  owing  to  its  dependence  only  on  the 
stress  itself:  this  particular  behavior  is  known  at  “elastic  hysteresis”. 

Thus  the  following  classification  is  possible: 

Rate-independent,  non-recoverable  behavior; 

Rate-dependent,  non-recoverable  behavior; 

Rate-dependent,  recoverable  behavior. 

Obviously  rate-independent,  recoverable  behavior  does  not  appear  to  the  possible  since  recovery  is  a time  dependent  effect 
and  must  be  excluded  by  the  rate-independent  behavior. 

According  to  the  classification  just  made,  it  it  possible  to  speak  of  rate-dependent  and  rate-independent  damping:  the  flrst 
one  will  depend  on  loading  frequency  and  will  be  described  by  stress-strain  equations  involving  time-derivatives;  both  kinds  of 
damping  may  depend  on  stress  amplitude. 

Damping-stress  relations  are  generally  complex,  but  sometimes  the  following  expression  can  be  used: 

D - Co" 

where  C is  the  damping  energy  dissipated  when  the  stress  amplitude  it  equal  to  one  and  n it  the  “damping  exponent”. 

At  low  amplitudes  the  to  called  “quadratic  damping”  it  observed:  n is  equal  to  2 and  the  hysteietic  loop  is  elliptical; 
the  defmition  “linear  damping”  it  abo  used  since  linear  different'al  equations  and  linear  superposition  are  normally  appropriate. 

At  higher  amplitudes  non-linear  damping  it  observed,  characterized  by  non  elliptical  loops  and  values  of  n different  from  2. 

In  rate-independent  materials  non  linear  damping  it  associated  with  plastic  strain  and  magnetoelasticity''*. 

The  damping  propertiet  of  materials  can  be  expressed  by  meant  of  the  phase  displacement  o between  stress  and  strain, 
and  by  introducing  the  complex  Young's  modulus: 

£(«)“  £(1  +/t) 

where  f • iST  ^ . 

Hooke’s  law  can  now  be  expressed  in  its  most  general  form: 

o-A,e  + + A,«  +... 

and  it  it  possible  to  write  the  following  relation,  which  holds  for  a given  frequency: 

S “ £(u)f 

Great  interest  hat  been  shown  recently  in  oomposilet  and  particular  attention  has  been  given  to  the  damping  p.*opertiet  of  sandwich 
stiuctures. 

For  instance  an  attempt  has  been  made  to  predict  these  properties  from  the  dynamic  chaiscteristia  of  core  and  facings,  measured 
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by  means  of  the  decay  method,  but  theoretical  and  experimental  results  have  been  quite  different’. 

An  interesting  characteristic  of  sandwich  structures  is  the  following  one:  the  damping  ratio  tends  to  be  constant  up  to  a 
certain  amplitude,  but  then  it  increases  rapidly. 

The  parameten  which  are  of  interest  in  determining  sandwich  damping  have  not  been  studied  deeply  and  in  general  only 
beans  subject  to  flexural  deformations  have  been  considered:  it  is  possible,  however,  to  make  the  following  remarks: 

-aluminium  honeycomb  sandwiches  vibrating  in  flexural  modes  have  a very  small  damping  ratio  (below  .IS\) 

- the  main  contribution  to  the  damping  ratio  under  the  same  condition  is  determined  by  the  adhesive 

- the  overall  damping  of  an  assembled  structure  made  of  sandwich  components  depends  mainly  on  other  items,  such  as 
joints  and  air  damping? 


INCREASE  OF  STRUCTURAL  DAMPING  BY  MEANS  OP  VISCOELASTIC  MATERUL5 

The  range  of  damping  values  for  materials  of  everyday  use  is  schematically  reported  in  Fig.  3* . They  are  summarized  in 
the  following  table: 

Metals 

Assembled  structures 

Alloys 

Simple  cover 

Viscoelastic  materials 

Thus  viscoelastic  materials  have  damping  ratios  over  2,  but  their  elastic  modulus  is  below  10*  Vm"*  so  that  they  are  not 
suitable  for  mechanical  constructions;  however  the  viscoelastic  covering  technique  allows  to  associate  the  good  characteristics  of 
high  modulus  matcriab  with  the  damping  capacity  of  viscoelastic  materials,  so  as  to  reach  damping  ratio  values  between  0.01 
and  I.  In  Figures  4'a  and  b the  damping  characteristics  of  viscoelastic  materiais  are  reported  as  functions  of  temperature  and 
frequency.  It  can  be  observed  that  the  maximum  corresponds  to  the  vitreous  state  transition  temperature,  in  a range  of  tem- 
peratures which  is  generally  small  for  a given  frequency,  so  that  these  materials  are  highly  sensitive  to  temperature. 

The  increase  of  the  damping  ratio  can  be  achieved  by  means  of  simple  covering  (Fig.  5*a),  where  the  viscoelastic  layer  is 
associated  with  an  elastic  layer,  or  by  means  of  multiple  covering  (Fig.  S'b)  with  another  elastic  layer. 

In  the  case  of  simple  covering  the  dynamic  performance  of  the  viscoelastic  layer  (subject  to  tension  and  compression) 
depends  on: 

Eyl£f  (ratio  between  the  moduli  of  the  viscoelastic  and  eiastk  materials); 
ty/tf  (ratio  between  the  layer  thicknesses); 

the  intrinsic  damping  ratio  of  the  viscoelastic  material. 

This  technique  is  particularly  suiuble  for  thin  structures  and  high  modulus  viscoelastic  materials  are  required.  It  is  pos- 
sible to  have  damping  coefficients  between  0.1  and  0.2. 

In  the  case  of  multiple  covering  the  performance  depends  on  much  more  parameters  and  the  covering,  subject  to  shear 
stresses,  allows  to  achieve  better  results  by  increasing  the  energy  dissipated  in  the  viscoelastic  layer.  If  the  layers  are  designed 
properly  and  the  modulus  is  between  10*  and  10*  Nm  *.  the  damping  ratio  can  be  as  high  as  0.1  and  1.  Highei  values  can 
be  obtained  by  using  more  layers,  one  elastic  and  one  viscoelastic  alternatively. 

The  viscoelastic  cover  method  has  been  used  to  correct  the  KXfO  effect  on  the  Oiamant  launcher.' 


MEASUREMENTS  PERFORMED  ON  SUBSTRUCTURES 

One  of  the  methods  normally  used  for  structural  design  purposes  is  to  derive  damping  characteristics  from  existing  struc- 
tures and  to  check  the  new  vehicle  by  full  scale  tests.  This  method,  however,  might  prove  to  be  unpractical  in  the  ftiture  for 
big  and  complex  structures,  owing  to  the  cost  and  difficulties  involved  in  full  scale  tests.  The  first  vehicle  which  has  created 
a completely  new  set  of  problems  is  probably  the  Space  Shuttle  and  new  methods  have  been  evaluated  to  accomplish  reliable 
results  by  means  of  “reasonable"  procedures;  accurate  investigations  have  been  carried  out  to  synthesize  the  results  obtained 
from  tests  on  substructures,  with  the  aim  of  achieving  the  neceasary  informations  on  the  whole  system  without  performing 
tests  on  the  assembled  structure.  The  principal  goal  has  been,  at  first,  to  realize  a shuttle  model  consisting  of  two  subatructuies. 
to  test  these  substructures,  to  develop  mathematical  models  both  for  the  single  substiuctures  and  for  the  whole  system,  and 
to  compare  the  predicted  characteristics  with  those  obtained  experimentally*.  One  of  the  difficulties  involved  in  this  method 
• that  resonant  frequencies  of  the  whole  system  are  different  from  the  ones  of  the  individual  substructures  to  that  it  is  ne- 
cessary to  evaluate  the  modal  damping  energy  for  all  the  components,  to  extrapolate  their  contributions  to  the  total  modal 
eneigy  at  the  resonant  frequencies  of  the  vehicle  and  to  sum  all  the  icaulta.  In  actual  fact  the  task  to  be  accoropUthed  it  to 
correlate  the  substructure  rcaultt. 

If  r-  mu'  q*  12  it  the  peak  steady-state  kinetic  eneigy  at  amplitude  q (m  being  the  modal  mast),  it  it  possible  to 
express  the  dan^ij  energy  dhaipated  per  cycle  (Dfi  as  a flinction  of  T and  //.  f being  a characteristic  length. 

It  it  not  easy,  however,  to  find  out  the  kinetic  energy  correctly  at  low  fr^uendes,  when  amplitudes  have  those  values 
wMch  are  appropriate  at  high  firaquencias.  In  other  words  an  experimenUl  plot  can’t  be  obtained  eadly  for  certain  vahiet  of 

Anyhow,  if  dampii«  forest  can  be  condderad  to  depend  hnaarly  on  q^,  and  damping  energies  ta  depend  linearly  on  qj,  . 
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mcuurcments  can  be  carried  out  at  any  amplitude  and  no  problem  will  arise  to  find  out  the  value  of  T ooirelated  to  the 
selected  value  of  . 

If  the  same  conditions  are  met,  the  modal  damping  ratio  f will  be  measured  as  well,  by  means  of  usual  techniques  (half 
band  or  tree  decay).  Now  the  damping  energy  is  obtained  straight  away,  since  • 4«  Tf  . 

After  plotting  the  points  that  give  the  values  of  Of  as  a function  of  T (qnH  being  held  consUnt)  it  is  possible  to  draw 
a curve  through  these  points:  such  curve  will  not  be  only  a plot  of  modal  damping  energy  vs  peak  modal  kinetic  energy,  but 
also  a plot  of  total  damping  energy  va  total  peak  kinetic  energy:  to  tell  the  truth  this  is  only  an  assertion  that  should  be 
proved  by  tests  performed  at  off-reaonant  conditions,  but  such  tests  are  so  inaccurate  that  the  evidence  of  this  hypothesis 
has  been  achieved  through  another  kind  of  measurements. 

The  rust  step  in  the  system  analysis  is  the  determination  of  natural  frequencies,  mode  shapes  and  kinetic  energies  for  a 
certain  modal  amplitude  : all  these  results  can  be  obtained  quite  easily  by  means  of  usual  computational  techniques  applied 
to  the  undamped  system. 

Ijct  us  suppose,  now,  that  the  system  has  been  divided  in  two  substructures.  When  a particular  modal  amplitude  is  se- 
lected, it  is  possible  to  plot  the  function  Df  - f>f(r,  q^/0  for  both  substructures  (as  it  was  pointed  out  before),  without 

considering,  for  the  time  being,  the  possibility  that  they  actually  assume  the  given  spatial  shape.  The  Tirst  or  the  second  sub- 
structure, however,  will  have  amplitude  q^  , while  the  other  component  will  probably  have  a smaller  maximum  amplitude  q^ 
at  the  mode  considered;  in  any  case  it  will  be  <4^,  or  q^  > rq,,  , where  lO  I)  is  the  scale  factor  obtained  when  q^  is 
divided  by 

After  evaluating  the  kinetic  energies  of  the  substructures  corresponding  to  amplitude  q^  (T,  and  T^,  after  finding  the 
corresponding  values  of  and  O^j)'  and  after  dividing  one  of  the  two  energies  (let  it  be  j)  by  s’,  so  as  to  ob- 
tain Df  2 • if  *'■11  ix  easy  to  predict  the  system  damping  ratio: 

+ Of  j)/(4»r,) 

where  T,  is  the  kinetic  energy  of  the  whole  system. 

Fig.  6 (taken  from  Ref.  9,  which  is  the  source  of  the  informations  given  in  this  section  up  to  now)  is  an  example  of 
two  curves  Of  « Of  (T,  q^,//)  obtained  for  models  of  the  Shuttle  booster  and  orbiter  in  similar  test  conditions. 

It  is  possible  to  account  also  for  joint  damping:  this  is  accomplished  by  determining  the  properties  of  the  joint  damper 
and  the  relative  velocity  across  the  joint*. 

The  results  obtained  during  the  study  of  a simple  model  of  the  Space  Shuttle  were  quite  satisfactory,  but  further  deve- 
lopment appeared  to  be  necessary  before  applying  this  method  to  actual  structures.  Ref.  10  represents  a progression  of  the 
dissipative  energy  approach  for  predicting  damping.  A four  component,  three  dimensional  model  including  liquids  in  the  tank 
has  been  developed;  also  joints  that  simulate  the  ones  studies  for  the  Shuttle  have  been  considered.  Then  an  analytical  model 
has  been  found  for  the  substructures  and  they  have  been  combined  into  a single  model  for  the  whole  system.  After  predicting 
the  modal  characteristics  (with  the  exception  of  dynamic  damping)  from  this  model  and  determining  the  properties  of  the  sub- 
structures and  of  the  joints  by  means  of  dynamic  tests,  the  modal  damping  properties  of  the  system  have  been  predicted 
through  the  energy  method. 

The  steps  leading  to  the  system  damping  ratio  can  be  summarized  as  follows'*: 

- Determination  of  the  kinetic  energy  T/  of  each  component  at  amplitude  hj  and  determination  of  the  strain  energy 
Sf  of  each  connecting  link  at  amplitude  dj ; 

- Determination  of  the  strain  energy  Uf  of  each  component  at  amplitude  hj  Tj-Sj)', 

- Normalization  to  .T,  > I mm  maximum  amplitude  so  as  to  obtain  (/^  and  Sf  ; 

- Determination  of  damping  energies  and  (corresponding  to  JF,  - I mm  deflection)  which  can  be  found  by 

means  of  experimental  curves:  _ _ _ 

Oa,-/(l//)  and  D^,.g(Sy); 

- Putting  H-  1 mm  the  damping  energy  levels  are  adjusted  to  the  proper  amplitudes  by  means  of  the  equations: 

^Si  - D*,  W//H)’  md  D*  > D^,(d,IH?  ; 

- Determiiution  of  total  kinetic  energy  and  of  total  damping  energy  D*  summing  all  the  contributions; 

- Determination  of  damping  ratio  for  a given  mode  from  the  equation: 

f-Jj;/(4.r,) 

The  values  obtained  appear  to  be  quite  good  at  higher  modes,  where  the  component  structural  response  is  dominant; 
at  low  frequencies,  on  the  contrary,  connecting  link  damping  plays  first  fiddle  and  the  results  are  not  coirect'*. 


ONtRELATION  lETWEEN  MODAL  DAMPING  AND  LOCAL  DAMPERS" 

Dynamic  sinictutal  analysis  is  often  carried  out  by  developing  a spring-mass  damper  model  of  the  structure;  the  constants 
neceamry  to  characterize  springs  and  masses  are  easily  found  by  performing  measures  on  the  weight  and  stiffness  of  each  sec- 
tkm.  These  constants  are  sufficient  to  find  out  the  approximstr  resonant  frequencies  of  the  system;  for  a complete  description 
of  tMs  system,  hosvever,  damping  characteristics  must  be  determined. 

The  procedure  discussed  here  and  propoaed  in  Ref.  1 1 should  turn  out  to  be  a really  valuable  help  for  modificatiom  of 
a structure.  In  actual  fact  this  procedure  aUows  to  determine  the  characteriatict  of  local  dampers  when  modal  damping  it 
known.  Thcicfote,  if  the  modal  damping  of  a structure  hat  been  found  experimentally  or  is  assumed  thanks  to  previous  ex- 
psricficc  on  similar  structures,  it  it  passible  to  know  how  local  dampers  behave  in  the  spring-matHitmper  model,  so  that  the 


dyiumic  chiracIcTBtks  of  the  Unicture  after  eventual  modifications  can  be  predicted  by  studying  and  testing  only  the  modi- 
fied component. 

If  a model  of  n masses,  springs  and  dampers  is  developed  (Fig.  7 ),  the  equation  of  motion  for  the  /-/h  section  is; 

When  the  Laplace  transformation  with  zero  initial  condittons  is  taken,  the  equation  becomes: 

|m,  s*  ♦(«■,.,  +C()s  + *(.,  +*,Iq,  (s)  - (^)  - (c,.i  » +*,.[  (s) 

If  a sinusoidal  force  is  applied  only  to  the  n-lh  mass  (bottom  mass),  as  it  happens  with  launcher  test  facilities,  and  the 
boundary  conditions  are: 

c^_ , - I » 0 at  the  top  mass 
q,,,)  - 0 at  the  bottom  maa 


the  system  of  equations  for  the  whole  model  is: 


|fl)|q(s))  - |F(s)) 


■ ">1  +‘'i  *1 


*a  “ + (c,.,  +c^  + , + *,  for  l>  V 


all  other  « 0 


F;  (s)  - 0 


By  using  Cramer's  rule,  it  can  be  found: 


q,(s)  (c,  r + *,  )(c,r  + *,)  + 

■—  m — ■ - — 

Then  it  can  be  shown  that  the  values  of  the  coefficients  are  calculated  by  means  of  the  foDowing  formula: 


— (i*/.,7,  Ol'll-I  ♦T;) 


where:  / - 1,2 2n 


- trace (/<)'  for  r - I,  2, ...,  2n 


Now  modal  constants  must  be  related  to  the  response  of  the  system.  If  the  damping  ratio  is  about  10%  or  less,  the  following 
expressions  are  true: 


|»L.0  - 


for  f > 1,2,  ...,n 


with  Iql^  > peak  amplitude 


Kitting  1 « /w  , Eq.  I becomes: 

q,(/«)  (fe,  « ♦*,)(/c^  w ♦*,)  ...  (/f,./ u»  ♦*,., ) 

• 


When  w > Wf,  the  real  portion  of  this  equation  can  be  contidered  equal  to  lero.  This  assumption  holds  when  Ught  damping 
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B present,  it  should  be  noticed  that  if  no  damping  is  present  the  denominator  of  the  equation  must  consist  only  of  the  real  part, 
which  must  go  to  zero  in  order  to  have  an  inflnite  resonance. 

When  light  damping  is  present  the  small  change  of  resonant  peaks  and  the  small  shift  in  the  resonance  frequency  can  be 
neglected;  so  the  previous  equation  becomes: 

‘>1  _ I “*■>-*•  *z>  •••  I 

This  equation  must  now  be  inverted  to  determine  |/^l/(lql^  Wj,  ,);  the  invenion  can  be  performed  assuming  cf  <ikf  /u^  ,),  in 
order  to  substitute  by  k^.  It  must  be  underbned  that  this  substitution  can  lead  to  erron  in  the  solutions  at  high 

resonant  frequencies.  With  this  approximation,  however,  and  by  using  Eq.  2,  it  is  possible  to  write: 

(/■I  J 

-<Or)w.w-, 

i-  I 

Finally  a last  approximation  is  introduced  by  putting  any  product  equal  to  zero;  thus  the  coefficients  become 

linear  functions  of  the  local  dampers  . 

Hence: 

^ j *’^2^2  *■■■  ****  mode. 

Therefore  the  whole  system  of  equations  that  will  allow  to  find  the  values  of  every  can  be  written  at  follows: 

|c„}  -ll«l  Ull 

where  |a)  is  a matrix  n x n,  while  |rl  and  {c,^|  are  vectors  of  n terms. 


SOME  DATA  CONCERNING  EUROPEAN  SATELLITES 

In  figure  8 a few  experimental  data  concerning  the  damping  ratio  of  European  satellites  are  reported;  the  values  of  the 
damping  ratio  are  plotted  vs  input  level.  More  informations  are  available  in  Ref.  7 and  their  analysis  allows  the  following 
observations 

- higher  damping  values  are  determined  at  higher  input  level 

- lower  damping  values  are  obtained  at  lower-frequency 

- in  general  damping  ratio  varies  from  0.03  to  0.066  for  input  levels  rancing  from  O.S  to  2. 


CONCLUDING  REMARKS 

Several  experiments  have  been  carried  out  on  aerospace  structures  to  study  their  damping  properties,  but  they  do  not 
appear  sufficient  to  make  reliable  predictions  for  new  structures.  Furthermore  the  interference  between  two  mrxles  may  con- 
tnbutr  to  misleading  informalKina  It  is  extremely  difficult  to  make  comparisons  between  the  data  of  two  structural  models 
because  of  various  factors,  such  as  different  types  of  construction,  different  input  levels,  different  test  procedures. 

it  should  be  pointed  out  that  overall  riamping  depends  on  all  the  structural  components,  on  the  design  philosophy  and 
on  the  materials 

The  validity  of  test  equipment  and  prrKedures  normally  used  have  been  diacutsed  in  detail  for  years,  since  they  do  not 
always  appear  to  be  the  most  suMabk  ones  for  a correct  determiiwtion  of  damping. 

In  particular  it  seems  to  be  highly  recommended  an  accurate  investigation  into  the  effects  of  the  following  items  on  the 
value  of  damping 

- input  level 

- shaker  size 

- sweep  rate 

- recording  equipment. 


' < ,'j'  _ 

■ ‘-n  . 
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Fig.  I'-  Number  of  Publications  on  Damping  up 
to  the  60’S 


a)  Influence  of  hysteretic  damping  on  the  response  of  a structure 

b)  Maximum  deflection  of  a beam  for  different  values  of  f 
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